We investigated scale-dependent habitat selection by the southern red-backed vole (Clethrionomys gapperi) in subalpine forests and 20-to 30-year-old regenerating timber harvests of the central Rocky Mountains. At the macrohabitat level, C. gapperi preferred forest stands, which had more overstory canopy cover, more uniformly distributed coarse woody debris (CWD), and more dwarf huckleberry (Vaccinium scoparium) than regenerating harvested stands. Further, C. gapperi was captured in forest stands up to harvest boundaries but crossed them significantly less than expected by chance. Analysis of microhabitat selection indicated that, in forest stands, C. gapperi showed selection at a fine spatial scale, strongly favoring CWD microhabitats and avoiding those dominated by V. scoparium. Our results suggest that older, regenerating clear-cuts in the Rocky Mountains can have clearly defined impacts on C. gapperi similar to those immediately after timber harvests, but that regenerating clear-cuts do support some use by C. gapperi. The results support the association of C. gapperi with CWD and forest overstory in western montane habitats and indicate a noticeable response to forest boundaries but no direct edge effect.
Subalpine forests of Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa) represent a late successional community in high-elevation regions of the Rocky Mountains (Knight 1994a) . Disturbances in these forests, particularly stand-replacement disturbances, have severe and long-lasting impacts due to long successional development, slow growth, and relatively low productivity (Knight 1994b; Peet 1989) . The southern redbacked vole (Clethrionomys gapperi) is closely associated with these subalpine conifer ecosystems (Hayward and Verner 1994; Nordyke and Buskirk 1991; Scrivner and Smith 1984) , where it is important both * Correspondent: dkeinath@uwyo.edu for its role as the primary prey of several prey-limited mesocarnivores, including boreal owls (Aegolius funereus) and American martens (Martes americana -Buskirk 1994; Hayward and Verner 1994) and its consumption of mycorrhizal fungal sporocarps and subsequent dispersal of spores (Amaranthus et al. 1994; Maser and Maser 1988; Maser et al. 1978; Moore 1999; Rhoades 1986 ).
Habitat components suspected of being important to C. gapperi in western North America include presence of overstory canopy, coarse woody debris (CWD), and proximity to water (e.g., Merritt 1981; Nordyke and Buskirk 1991; Wywialowski 1987; Wywialowski and Smith 1988) . Most studies of habitat use by C. gapperi have explored associations largely at intermediate and broad scales (i.e., from stand types to geographic distributions- Hayward and Hayward 1995; Martell 1982; Merritt 1981; Nordyke and Buskirk 1991; Ramirez and Hornocker 1981; Scrivner and Smith 1984; Walters 1991) . These studies indicated strong association with conifer forest, particularly suggesting that in the Rocky Mountains, old-growth spruce-fir forest provides higher-quality habitat than other types. The immediate negative response of C. gapperi to broad-scale stand removal through burning and timber harvest further demonstrates the association between this vole and forest conditions (Campbell and Clark 1980; Martell 1982; Medin 1986; Merritt 1981; Sekgororoane and Dilworth 1995) . However, fine-scale habitat associations of these voles, their response to landscape boundaries, and the interplay between broad-and fine-scale habitat associations are not well understood. Few studies have dealt specifically with microhabitat preference, and fewer yet have examined this for populations in the Rocky Mountains (Pearson 1994; Wywialowski and Smith 1988) . Despite relatively clear habitat associations at broad spatial scales, C. gapperi exhibits different responses to forest disturbance at different spatial scales. Hayward et al. (1999) demonstrated that C. gapperi responds differently to small patch-cuts compared with larger clear-cuts, suggesting scale-dependent resource selection, which is potentially important for determining population distribution and abundance. Although the importance of scale is generally acknowledged in resource selection (Wiens 1989) , scaling effects on resource selection by small mammals, C. gapperi in particular, are still poorly understood. Several studies in the past decade attempting to resolve this complex issue have yielded somewhat conflicting results regarding the appropriate scale at which to investigate habitat selection by small mammals (Hayward et al. 1999; Jorgensen and Demarais 1999; Morris 1984 Morris , 1987 Stapp 1997) . Because an understanding of habitat selection is critical to managing species, and more broadly to managing ecosystems on which those species depend, it is important that ecologists and forest managers expand their knowledge in this area.
The purpose of this study was to determine preference of C. gapperi between mature forests and 20-to 30-year postharvested stands, to examine its response to timber harvest boundaries, and to discover its finescale habitat associations. Thus, we sought to address 2 broad hypotheses with this research. First, based on our knowledge from those studies noted above, we hypothesized that, at the scale of forest stands, C. gapperi would be more prevalent in mature forest stands than in adjacent clear-cuts but that this distinction would not be as dramatic as those in previous studies that examined recently harvested stands (e.g., Martell 1982; Medin 1986; Merritt 1981; Sekgororoane and Dilworth 1995) . Moreover, we expected that voles would cross forest-harvest boundaries regularly and use portions of harvested stands that were proximate to those boundaries. Second, based on the assumption that macrohabitat preference is in large part the result of microhabitat selection (e.g., Crist et al. 1992) , we hypothesized that C. gapperi would exhibit selection for specific microhabitat features based on suggested broad-scale correlations with mature forest habitat. We further expected that microhabitat selection of voles in forest might be different from that in regenerating harvested stands and that some microhabitat features (e.g., CWD) would be particularly important in these cases. Grids were about 10 by 20 traps (10-m spacing between traps with 1 trap per station) and were oriented such that long axes were approximately bisected by forest-harvest boundaries. This configuration enabled us to estimate relative abundance of C. gapperi in each habitat type (forest interior, harvest interior, and intervening edge), where edge was defined as being the area Յ5 m from forest-harvest boundaries. We defined edge habitat as a narrow zone because where habitat variables differed between forest and harvested stands, it changed abruptly at the forest-harvest boundary. Because edge comprised a very small area, it was not compared in habitat selection analyses other than through basic capture-rate comparisons. Rather, it served primarily to separate interior forest habitat from interior harvested habitat. Variation in size and configuration of clear-cuts meant that not all stands contained the same number of traps, so betweenstand comparisons were always based on captures per unit effort.
MATERIALS AND METHODS
We operated grids MB1 and MB2 for 5 consecutive days in the summers of 1997 and 1998, but grid MB3 was trapped only in the summer of 1998. Traps were open throughout the day and night and were checked every morning before about 1100 h and every evening after about 1800 h. Captured animals were identified to species, marked with unique Size 1 Monel ear tags (National Band and Tag Company, Newport, Kentucky), and released at the capture site. Field identification to species was not attempted for Microtus species, but based on skull analysis of trap mortalities, these animals were likely a mix of montane voles (Microtus montanus) and longtailed voles (Microtus longicaudus). Sex and age category (juvenile, subadult, or adult) of each animal also was recorded, along with trap location of each capture. We noted all traps that were tripped or broken but did not contain captured animals and used this information to modify trapping effort within each site and macrohabitat when calculating capture rates (Beauvais and Buskirk 1999) .
Each trap location was described by recording dominant microhabitats in a 1-m-radius circular plot centered on the trap. Each trap was oriented such that its entrance was located within the dominant microhabitat. Microhabitats were categorized based on the following 6 ground-cover categories: CWD (downed wood Ն15 cm in diameter and Ն1 m long); fine woody debris (downed wood smaller than CWD); V. scoparium; grass (herbaceous vegetation Յ15 cm above the substrate); shrub (woody vegetation, other than V. scoparium, Յ15 cm above the substrate); and open (any ground without cover that could shelter a vole, such as forest duff or bare ground).
We also measured vegetation structure at 30 sample points in each site using a randomized design. At each sample location, we measured abundance of CWD, distance to nearest log, ground cover, overstory canopy cover, and distance from the forest-harvest boundary. Abundance of CWD was estimated by counting all pieces of CWD within 5 m of each sample point, and distance to nearest log was measured from each sample point to the edge of the nearest piece of CWD. Percentage of ground cover in each predefined category was visually estimated in a 2-m-diameter circle centered on the sample point. This method of ground-cover estimation is time-efficient, easy to use in the field, and gives replicable results (Bonham 1989) .
To estimate overstory canopy cover, 30 ran-domly placed line intercept transects (each 30 m long) were established in each site. Transects ran along the topographic contour centered on a randomly established point with the constraint that the transect remained within the stand (Bonham 1989) . Technicians walked these transects and recorded distances at which the transect intersected the overstory canopy to the nearest 10 cm by sighting along a 2-m rod positioned perpendicular to the tape measure (Bonham 1989; Hayward et al. 1993 ). (Neter et al. 1996; Zar 1999) . We examined frequency histograms, residual plots, normality tests, and heteroscedasticity tests to ensure that all assumptions of both parametric and nonparametric tests were met and data were appropriately transformed when necessary (Hettmansperger and Sheather 1986; Minitab, Inc. 1998; Zar 1999) .
To evaluate small-mammal distributions, we tabulated unique captures of adult voles by site and macrohabitat type (i.e., when a vole was captured multiple times, only data for the 1st capture was counted for purposes of analyses). These captures were expressed as captures per unit effort (i.e., captures per net trap day) to account for differences in trapping effort between sites and habitats. These capture rates were compared using binomial probability comparisons to determine significance of observed differences. Net trapping days used in these comparisons were calculated by adjusting total trapping effort on each site and macrohabitat downward to account for unavailable traps, such as those found tripped when they were checked (Beauvais and Buskirk 1999) .
To determine potential impact of age structure of C. gapperi on our analysis, numbers of captures and recaptures of adult and juvenile C. gapperi were tallied and compared across sites and macrohabitats (forest and harvested stands). Because subadults represented animals that were of questionable age, they were not considered in this analysis. We calculated number of recapture events for a given age class in a given habitat divided by number of total captures for that age class in that habitat. Magnitudes of these recapture ratios were compared using binomial probability comparisons to determine whether juveniles responded differently to trapping than did adults and whether such a difference occurred across habitats at the sites we studied.
For analysis of boundary permeability, we defined the location of macrohabitat boundaries by visual evaluation and determined how many adult C. gapperi were captured in both the forest and harvest portion of trapping grids (i.e., voles that definitely crossed the forest-harvested stand boundary). The proportion of voles crossing boundaries relative to total 1st captures and relative to number of voles that actually encountered boundaries was computed. These proportions were compared both among sites and with a null model formed by examining vole movements in forest stands where an artificially defined ''boundary'' was theoretically 100% permeable to voles. We defined the null boundary for each site as a line of traps that was at least 50 m into the forest. We determined how many voles crossed null boundaries using the same method as for true boundaries and compared results using binomial probability comparisons.
All analyses of microhabitat selection were conducted separately for forests and harvested stands because we expected that selection would be different depending on macrohabitat. We assigned each capture a microhabitat category based on the predominant microhabitat in the vicinity of each trap. This information was used to calculate the observed contribution of captures from each microhabitat to cumulative captures per net trap day. Capture rates were compared among microhabitats using a chi-square goodness-of-fit test for the null hypothesis of no selection (Jelinski 1991) and using a selection ratio approach (Manly et al. 1993) . A selection ratio is the ratio of the proportion of C. gapperi captured in a given habitat to the proportion of captures expected in that habitat based on the habitat's availability. Testing the null hypothesis that selection ratios equal 1.0 (no selection) requires calculating a standard Z-statistic from these ratios, Z i ϭ (W i Ϫ 1)/se(W i ), where W i represents the selection ratio for habitat i.
To avoid potential biases introduced by differences in individuals and age effects, all anal- yses were performed based on 1st captures of adult animals. Further, significance of results for related groups of statistical analyses generally was assessed by comparing P values with Bonferroni-adjusted alpha levels designed to achieve an overall type I error rate of 0.05 for the entire group of tests (Zar 1999) . This resulted in alpha levels that varied from about 0.017 to 0.008, depending on the number of individual tests in the group.
RESULTS
Stand-level habitat features.-Forest stands differed from harvested stands in overstory canopy cover, CWD distribution, and ground vegetation, with some intersite variation in these characteristics (Table 1) . We found significantly greater canopy cover in forest stands than in harvested stands on each site (t Ն 6.14, P Ͻ 0.001). No difference in canopy cover existed among forest stands (F ϭ 2.64, d.f. ϭ 2, 50, P ϭ 0.082), but harvested stands did differ significantly in canopy cover (F ϭ 10.09, d.f. ϭ 2, 30, P Ͻ 0.001), which pairwise comparisons showed was due to greater (P Ͻ 0.05) canopy cover on site MB2 than harvested stands on other sites.
Abundance of CWD did not differ significantly between forest and harvested stands on any sites (t Յ 1.90, P Ն 0.130), nor did it differ among sites in either harvested (F ϭ 0.85, d.f. ϭ 2, 27, P ϭ 0.438) or forested (F ϭ 2.04, d.f. ϭ 2, 50, P ϭ 0.141) stands. Coarse woody debris seemed to occur in a more patchy distribution in harvested stands than in forest stands, as indicated by a consistently higher median distance to nearest log in harvested stands, although this difference was significant only for site MB1 (Mood's median test, 2 ϭ 6.93, d.f. ϭ 1, P ϭ 0.008).
Greater V. scoparium ground cover in forested stands (t Ն 6.22, P Ͻ 0.001) was observed on all but site MB1 (t ϭ 0.10, P ϭ 0.930), the harvested stand of which had significantly more V. scoparium cover than those on other sites (F ϭ 7.58, d.f. ϭ 2, 27, P ϭ 0.002). We also observed marginal intersite difference in V. scoparium cover between forest stands (F ϭ 3.16, d.f. ϭ 2, 50, P ϭ 0.054). We found generally more herbaceous ground cover in harvested stands (t Ն 6.14, P Ͻ 0.001), but this difference was not significant on site MB1 (t ϭ 2.39, P ϭ 0.096). No significant differences between forest and harvested stands, nor among sample sites, were observed for other ground-cover variables. Small-mammal capture rates.-Clethrionomys gapperi was the most common small-mammal species in both forests and regenerating harvested stands. However, site MB2 showed substantial captures of other small mammals in the harvested stand, notably shrews and other voles (Table 2).
Clethrionomys gapperi age effects and boundary dynamics.-Both adult and juvenile C. gapperi responded similarly across sample sites (binomial probability tests with Bonferroni-adjusted ␣ ϭ 0.017: Z Յ 1.47, P Ն 0.141). Adult C. gapperi captured in forest stands had a recapture ratio of 0.67 (247 captures, 165 recaptures), which was significantly greater than the juvenile recapture ratio of 0.50 (66 captures, 33 recaptures; Z ϭ 2.45, P ϭ 0.014). No significant age-class difference was present in harvested stands (Z ϭ 0.71, P ϭ 0.479), where adults had a recapture ratio of 0.64 (14 captures, 9 recaptures) and juveniles had a recapture ratio of 0.52 (21 captures, 11 recaptures).
Clethrionomys gapperi avoided crossing forest-harvest boundaries, as shown by comparing boundary-crossing rates using a Bonferroni-adjusted ␣ ϭ 0.008 level (Table  3) . Specifically, boundaries at sites MB1 and MB3 were relatively impermeable to voles, both showing few boundary crossings (binomial probability comparison between boundary-crossing ratios for MB1 compared with MB3: Z ϭ 1.77, P ϭ 0.078). The boundary on site MB2 was more permeable to voles (binomial probability test between ratios of crossing for MB1 compared with MB2: Z ϭ 2.02, P ϭ 0.043; MB3 compared with MB2: Z ϭ 2.87, P ϭ 0.004). Over twice as many voles were captured on both sides of the MB2 boundary (n ϭ 7) as in either MB1 or MB3 (n ϭ 3 and n ϭ 0, respectively). C. gapperi that crossed the boundary represented about 15% of 1st captures on grid MB2 and 4% and 0% of 1st captures on sites MB1 and MB3, respectively. Furthermore, site MB2 did not have a significantly different boundary-crossing ratio than the null (binomial probability test between ratios of crossing for the null compared with real boundaries: Z ϭ 0.89, P ϭ 0.375), but site MB3 showed a significantly lower crossing ratio (Z ϭ 4.22, P Ͻ 0.001).
Habitat selection.-Clethrionomys gapperi exhibited a clear preference for forest compared with harvested macrohabitat on all sites, based on binomial probability tests comparing rates of 1st capture in forest and harvested stands (Bonferroni-adjusted ␣ ϭ 0.017 level: Z Ͼ 7.44, P Ͻ 0.001; Table 2 ). Very few C. gapperi were captured more than 5 m into the harvested stands. Additionally, many C. gapperi were captured in the forest up to the perceived boundary, resulting in no significant difference between captures in the interior forest and captures within 5 m of the boundary (binomial probability test: Z ϭ 0.30, P ϭ 0.762). The capture rate for C. gapperi in forest of site MB2 was lower than in forest of the other sites (Z Ͼ 3.14, P Ͻ 0.012), but the capture rate in the harvested stand of MB2 was greater than in the harvested stand of MB3 (Z ϭ 2.42, P ϭ 0.015).
In forest stands, the observed rates of capture for C. gapperi were higher in traps placed near CWD than in any other microhabitat feature. The observed distribution of captures differed significantly from the distribution of available microhabitats ( 2 ϭ 22.00, d.f. ϭ 5, P Ͻ 0.001), and subdivision of chi-square (Zar 1999) confirmed that the cell value for CWD was significant ( 2 ϭ 8.20, d.f. ϭ 1, P ϭ 0.0041). Another influential microhabitat was V. scoparium, which resulted in significantly lower than expected captures ( 2 ϭ 8.40, d.f. ϭ 1, P ϭ 0.0037). The selection-ratio analysis ( Table  4 ) also revealed that C. gapperi exhibited a preference for trap sites dominated by CWD (Z ϭ 5.19; P Ͻ 0.001) and an aversion to sites dominated by V. scoparium (Z ϭ 5.19; P Ͻ 0.001).
In harvested stands, capture rates were much lower than in forest, but the distribution among microhabitats was similar. However, no significant microhabitat selection was indicated by either chi-square ( 2 ϭ 1.45, d.f. ϭ 5, P ϭ 0.918) or selectionratio analysis (Z ϭ 0.84, P ϭ 0.402; Table  4 ).
DISCUSSION
On our study sites in the Medicine Bow National Forest, C. gapperi used forest stands more than harvested stands, demonstrating that the negative response to stand-replacement disturbance observed immediately after the disturbance event persists for 20 years or more in central and southern Rocky Mountain habitats. This difference occurred in precise relation to the boundary between stand types on 2 of our sites (MB1 and MB3), where voles seldom crossed the forest-harvested stand boundary in either direction. In the 3rd and most regenerated site (MB2), this difference, although still present, was less defined.
At a fine scale, C. gapperi exhibited a strong preference for CWD ground cover and a strong avoidance of V. scoparium ground cover in forest stands but not in harvested stands, which likely results from the general avoidance of harvested stands by C. gapperi. Voles recognized and responded to boundaries between forest and harvested stands. On the whole, these boundaries were semipermeable to C. gapperi as evidenced by low boundary-crossing ratios, particularly on sites MB1 and MB3. A similar conclusion was reached by Kirkland et al. (1985) for C. gapperi in the eastern United States. Boundary permeability appears to depend on characteristics of adjoining stands as demonstrated by the more permeable boundary of site MB2, where regeneration in the harvested stand was more advanced, yielding a boundary that was less abrupt. The hypothesis that more voles would be captured in forest than in harvested stands was supported. C. gapperi clearly preferred forest to harvested stands on all our study sites and avoided crossing boundaries between those stands. However, C. gapperi did not demonstrate an aversion to the ecotone itself; voles were captured at similar rates up to forest-harvest boundaries. Therefore, we concluded that C. gapperi on our sites did not exhibit an edge effect as observed by Mills (1995) for California red-backed voles (Clethrionomys californicus) . Differences between habitat near a boundary and deeper in the forest did not significantly affect the capture rate of C. gapperi. This finding does not mean that voles are not affected by boundaries at the population level. Among many effects, edges can increase predation pressure, increase interspecific competition, or alter distribution and abundance of food resources, or all of these (Andrén and Angelstam 1988; Baker and Dillon 2000; Esseen and Renhorn 1998; Kremsater and Bunnell 1999; Ostfeld et al. 1999; Ruefenacht and Knight 2000) . Such phenomena could result in the edge being a sink habitat for C. gapperi.
That voles were not averse to edge habitat was intriguing because C. gapperi in the Central Rocky Mountains has been described as obligate to the interior of mature conifer forests (Nordyke and Buskirk 1991; Scrivner and Smith 1984) . Recent studies of edge effects from small forest perforations and larger timber harvests (Hayward et al. 1999; Sekgororoane and Dilworth 1995) demonstrated use of edges by C. gapperi similar to patterns observed in our study. This suggests that C. gapperi may not be an interior, old-forest specialist in subalpine forests of the Rocky Mountains but rather may be associated with particular habitat features found in old forests regardless of distance to edge.
That site MB2 was the only site with significant captures of C. gapperi in the harvested stand suggests that stand regeneration has progressed to a sufficient degree that voles now cross the forest-harvest boundary and use harvested areas near the edge. We propose 3 possible explanations for this response. First, there may be a threshold level of canopy cover below which C. gapperi is unlikely to enter an area. Based on this study, such a threshold would lie between about 6% and 17% canopy cover. Second, the voles may respond to canopy cover only above a certain height. Most saplings on MB1 and MB3 were approximately 3 m tall, but trees on MB2 were often Ͼ6 m. Thus, canopy cover above 4 m was greater on site MB2 than on sites MB1 and MB3. Third, voles may select for another variable, such as fungal biomass, that was different between habitats but which we did not measure (Clarkson and Mills 1994; Esseen et al. 1996) .
In mature subalpine forests, C. gapperi exhibited clear microhabitat selection for CWD, which supports hypotheses posed but unconfirmed in other investigations (Merritt 1981; Pearson 1994; Wywialowski and Smith 1988) . Such an association is likely due to use of downed logs as cover for feeding, reproduction, and rest (Maser et al. 1978; Wywialowski 1987; D. Keinath, in litt.) and as foraging habitat (Amaranthus et al. 1994; Clarkson and Mills 1994; Rhoades 1986 ). Absence of selection for microhabitat resources in harvested portions of our sites could have resulted from a relaxation in microhabitat selection in those stands due to a reduction in overall quality of habitat. However, it also may have resulted from low capture rates in harvested stands and correspondingly low power in statistical tests pertaining to those captures. This problem can be solved largely by conducting habitat-selection studies based on observation of individual animals (Keinath 2000) .
In forest stands, C. gapperi avoided V. scoparium. This was puzzling because V. scoparium is reputed to comprise a substantial portion of the diets of voles in the Central Rocky Mountains (Maser and Maser 1988; G. D. Hayward, in litt.; C. Maser, in litt.) . This finding may deserve further investigation to determine its biological significance. It is possible that apparent avoidance of a food item is an artifact of how C. gapperi uses other microhabitat features, such as CWD, and may be clarified with movement-based research (e.g., Keinath 2000) and dietary studies.
